Aims/hypothesis Transcription factor 7-like 2 (TCF7L2) is a Wnt-signalling-associated transcription factor. Genetic studies have clearly demonstrated that DNA polymorphisms within TCF7L2 confer the strongest known association with increased risk of type 2 diabetes. However, the impact of the TCF7L2 type-2-diabetes-associated rs7903146 T allele on biological function and morphology of human pancreatic islets is unknown. Methods Paraffin sections of pancreases from 187 braindeceased donors (HbA 1c <6.5% [48 mmol/mol]) were used to genotype the TCF7L2 variant rs7903146 and evaluate its impact on islet morphology and alpha and beta cell subpopulations following immunostaining for glucagon and Cpeptide. Following islet isolation, we investigated the correlation between TCF7L2 genotype and in vitro islet functional variables from our in-house pancreatic database. Results TCF7L2 rs7903146 (T/T) was associated with reduced basal and glucose-stimulated insulin secretion in isolated human islets, and reduced islet density in whole pancreas. Morphological analysis demonstrated islet size was increased in T/T carriers. Furthermore, rs7903146 was associated with an increased glucagon/C-peptide ratio, especially in bigger islets. Conclusion/interpretation The TCF7L2 variant rs7903146 risk allele is associated with impaired insulin secretion, reduction of total islet number and quantitative as well as qualitative morphological changes in human islets. Understanding how the TCF7L2 genotype modulates its activity and how TCF7L2 impacts the islet morphology may aid the design of new therapeutic approaches for the treatment of type 2 diabetes.
Introduction
To date, intronic variants associated with TCF7L2 (singlenucleotide polymorphisms [SNPs] rs7903146 and rs12255375) confer the highest genetic risk of developing Electronic supplementary material The online version of this article (doi:10.1007/s00125-012-2660-8) contains peer-reviewed but unedited supplementary material, which is available to authorised users. type 2 diabetes [1] . Although biological studies clearly demonstrate the role of transcription factor 7-like 2 (TCF7L2) on insulin secretion and the survival of isolated islets [2, 3] , the effect of the TCF7L2 risk allele on islet functions and pancreatic morphology in humans remains poorly documented. A recent study using human islet preparations demonstrated the potential of elucidating the effect of genetic variants on insulin exocytosis [4] . Herein, we took advantage of our clinical/research in-house islet database and collection of archived paraffin-embedded pancreases from healthy non-diabetic human organ donors [5] to study the effect of TCF7L2 rs7903146 on isolated islet functions and pancreatic morphology. Retrospective genotyping of donors was possible from paraffin-embedded samples when cells were no longer available.
Methods
Islet evaluation Pancreases were harvested from human brain-deceased donors and processed as described in the electronic supplementary material (ESM) for islet isolation. After culture for 18-36 h, the quality of human islets was checked as previously described [5] . Assessment included islet counting using dithizone and Trypan Blue (in triplicate), and insulin content of cell lysates (40 IE (islet equivalent) in triplicate) with a radioimmunoassay kit (CIS Bio International, Saclay, France). Glucose-stimulated insulin secretion was determined by static incubations (1 h: 2.8 mmol/l glucose; 1 h 20 mmol/l glucose; five aliquots of 40 IE). Stimulation indices are defined as the ratio of stimulated (20 mmol/l glucose) to basal (2.8 mmol/l glucose) insulin release. Secreted insulin was also corrected to intracellular insulin and insulin secretion expressed as a percentage of the total insulin content in 40 IE.
Morphometric analysis For endocrine mass assessment, sections were immunolabelled with chromogranin A primary antibody (Dako, Trappes, France; Clone M0869) and revealed with Envision M + system (Dako, K4003) using Phtalored (Histomark, Kirkegaard & Perry Laboratories, Gaithersburg, MD, USA). All washes were performed with 0.05 mol/l Tris-HCl, 0.15 mol/l NaCl (pH 7.6). Nuclei were counterstained with Carazzi's haematoxylin. Slides were scanned with a Nikon Eclipse Ti microscope, and the fractional area was digitally quantified (Nis Elements AR 3.0) (Nikon, Champigny sur Marne, France). The percentage of endocrine mass was calculated as the ratio of the chromogranin-A-positive surface area to the total tissue surface area. Similarly, beta and alpha cell surface areas were determined using Alexa-488-conjugated anti-human C-peptide (green) (Monosan, Uden, the Netherlands; MON5021) or anti-glucagon (SIGMA, St-Quentin Fallavier, France) using Lightning-Link conjugation kit (Innova Biosciences, Cambridge, UK); nuclei were stained with DAPI (blue) (Vector Laboratories, Burlingame, CA, USA; H-1200J). A Leica DM-R microscope (Leica, Nanterre, France) and ImageJ (NIH, Bethesda, MD, USA) were used for the quantitative analysis of alpha and beta cells vs total endocrine cell surface.
The complete methods for islet isolation, DNA extraction from pancreatic paraffin sections and TCF7L2 rs7903146 SNP genotyping, isolated islet in vitro evaluation, real-time quantitative PCR, histological and morphometric analyses and quantification of islets are described in the ESM.
Results
Descriptive study exploiting the human islet database To study the effect of TCF7L2 genetic variants on pancreatic function, we genotyped rs7903146 from 187 donors. We used sections of archived pancreatic tissue in paraffin blocks and a database with corresponding information on the clinical donor, islet isolation and in vitro islet functional variables. Of the donors, 57 were heterozygous and 21 homozygous for the at-risk TCF7L2 T allele. There were no differences in age, BMI or HbA 1c levels between donors Table 1 ). First, we measured TCF7L2 expression in isolated pancreatic islets from 26 human donors for whom mRNA was available (11 C/C, nine C/T and six T/T). As previously observed [6] , TCF7L2 expression was increased twofold in T/T carriers. The expression of insulin and glucagon was unaltered by genotype (ESM Fig. 1, p<0.05 ). In addition, islet viability in culture was unaffected by the TCF7L2 genotype (Fig. 1a) . In vitro insulin secretion in islets from T/T donors was reduced 30% both under basal conditions (p00.08) and after glucose stimulation (p<0.05) compared with C/C islet donors (Fig. 1b) . In contrast, the intracellular insulin content (Fig. 1c) and stimulatory index were unaltered by TCF7L2 genotype (2.18±0.14, 1.94± 0.12, and 1.82±0.28, respectively, for C/C, C/T and T/T genotype).
Analysis of pancreas tissue
The total mass of pancreatic tissue (the ratio of chromogranin-A-positive surface area to total tissue area) was not altered in pancreatic sections from C/T or T/T donors compared with C/C donors (Figs 2a and ESM Fig. 2 ). However, islet count after enzymatic digestion of the pancreas showed an approximately 30% reduction in pancreases with T/T compared with C/C donors (ESM Fig. 3, p<0.05) . We observed that islets of T/T genotype donors tended to be larger compared with C/C or C/T donors, with a lower number of islets with a diameter <100 μm (p<0.05) and a higher number with a diameter 100-250 μm (p<0.05) (ESM Fig. 3) . We also noticed a trend towards larger islets (with a diameter >250 μm, ESM Fig. 3 
) in T/T donors.
Islet morphology analysis on paraffin sections To determine if TCF7L2 genetic variants have different islet morphology, we double-immunolabelled pancreatic sections for Cpeptide (beta cells) and glucagon (alpha cells). For each cell type the surface was quantified and expressed as a percentage of total islet surface. We observed an approximately 30% increase in the alpha cell surface in T/T islets compared with C/C islets (18.7.0±0.5% vs 24.3±0.7%, respectively, in C/C and T/T islets, Figs 2b and ESM Fig. 2, p<0.01) . On the other hand, the beta cell surface was reduced by approximately 20% in T/T islets (49.7 ± 0.6% vs 40.6 ± 0.8%, Figs 2b and ESM Fig. 2, p<0.01 ). This imbalance between alpha and beta cells leads to an increased alpha/beta ratio from 0.55±0.03 to 0.85±0.07 in T/T islets compared with C/C islets (Fig. 2c, p <0 .001). As TCF7L2 rs7903146 impacts islet size, we stratified islets by their size and looked at the alpha/beta cell ratio in the different subpopulations. TCF7L2 genotype did not significantly change the alpha/ beta cell ratio in small islets (size <15,000 μm 2 ). Regardless of islet size, no modification of the alpha/beta cell ratio was observed in the heterozygous C/T islets. However, in T/T islets, the alpha/beta cell ratio was increased 2.8-fold in 15,000-30,000 μm 2 islets (p<0.01) and 3.5-fold in islets >30,000 μm 2 (Fig. 2d, p<0 .01).
Discussion
In line with large cohort studies showing that the rs7903146 risk allele is associated with hyperglycaemia, lower fasting insulin level and decreased beta cell function in vivo, a recent study reported that carriers of the of TCF7L2 rs7903146 risk allele have reduced insulin secretion compared with those with the non-risk allele [4] . In the present study we confirmed this result and observed that the 'at-risk' allele of TCF7L2 rs7903146 was associated with morphological and functional differences. Pancreases from donors carrying homozygous 'at-risk' alleles (T/T) have: (1) reduced glucose-induced insulin secretion; and (2) altered endocrine tissue as exemplified by increased individual islet size and altered alpha and beta cell ratio/distribution within islets.
In islets from non-diabetic T/T donors, the relative alpha cell population is increased compared with C/C donors, whereas the relative beta cell population is reduced, which results in an increased alpha/beta ratio. Such alterations in alpha and beta cell populations were previously observed in mice after streptozotocin (STZ)-induced diabetes [7] and in diabetic patients [8] . Interestingly, the alpha/beta cell ratio is increased in type 2 diabetes compared with controls and this alteration is predominantly observed in larger islets [8] . Furthermore, a recent study observed an increased expression of TCF7L2 mRNA in FACS-sorted alpha cells compared with sorted beta cells [9] . This suggests that TCF7L2 variant rs7903146 delineates, at least at the morphological level, a state of diabetes, and that increased TCF7L2 expression might be associated with alpha cell development.
It is well known that changes in beta cell mass can occur in response to physiological and/or pathological conditions [10] . To our knowledge, only one study has investigated the role of the Wnt/TCF7L2 pathway in the in vivo regulation of beta cell growth. TCF7L2 knockdown in rat islets results in a 30% reduction of the beta cell mass and impaired beta cell regeneration after STZ treatment [11] . The authors suggest that normal and compensatory growth of beta cells in their model was mainly mediated by the inhibition of beta cell proliferation. An expansion of alpha cell mass was observed in diabetic humans [8] . Such alpha cell expansion also occurs in the development of diabetes in mice subjected to STZ treatment and is associated with reduced beta cell mass [7] . In STZ-treated mice, inhibition of dipeptidyl peptidase-4 (the glucagon-like peptide 1 [GLP-1] degrading enzyme) protects islet morphology by preventing beta cell apoptosis and inhibiting STZ-induced alpha cell proliferation [7] . GLP-1 secretion is not affected by the TCF7L2 genotype after a glucose oral test or meal [12] . However, TCF7L2 variant rs7903146 modulates the incretin action, as GLP-1 infusion combined with hyperglycaemic clamp showed a significant reduction in GLP-1-induced insulin secretion in the carriers of the TCF7L2 risk allele [12] .
Furthermore, reduced TCF7L2 expression occurs in type 2 diabetes animal models [3] , and TCF7L2 deletion leads to reduced GLP-1 receptor expression in isolated human islets [3] . TCF7L2 mRNA expression is increased in human islets from patients with type 2 diabetes and in islets from carriers of the T/T genotype [6] , in contrast with the effect of TCF7L2 deletion on GLP-1 receptor expression. However, our recent study demonstrated that different TCF7L2 transcripts have different effects on islet survival and functions, including GLP-1 receptor expression [2] . Whether the TCF7L2 variant rs7903146 is modulating alpha cell expansion and beta cell loss through its effect on incretin signalling will require further investigation.
In summary, by genotyping archived pancreatic paraffin sections and the retrospective analysis of a clinical islet database, we show for the first time the impact of the TCF7L2 variant rs7903146 on the functions and the morphological organisation of the pancreatic islets in nondiabetic humans, which may explain in part its contribution to type 2 diabetes physiology.
